The putative promoter region of the SNRPN gene contains a CpG island which is heavily methylated in the maternally derived allele and unmethylated in the paternally derived allele. In patients with Prader-Willi syndrome (PWS) only the methylated allele is present, while in those with Angelman syndrome (AS) only the unmethylated allele is present. The purpose of this paper is to report a polymerase chain reaction (PCR)-based assay to evaluate methylation status of the CpG island of the SNRPN gene and to show that this assay allows rapid diagnosis of PWS and AS. Methylated cytosines in the CpG dinucleotide are resistant to chemical modification by sodium bisulfite. In contrast, bisulfite treatment converts all unmethylated cytosines to uracil. Based on this differential effect, the bisulfitemodified DNA sequence of a methylated allele was successfully distinguished from that of an unmethylated allele using 2 sets of allele-specific primer pairs: a methylated allele-specific primer pair (MET) and an unmethylated allele-specific primer pair (UN-MET). Bisulfite-modified DNA from 10 patients with PWS amplified only with the MET pair while modified DNA from 5 patients with AS amplified only with the UN-MET pair. Modified DNA from 50 normal unrelated individuals amplified with both primer pairs. In that methylation-specific PCR (MSPCR) can detect all presently testable causes of PWS and AS in a rapid and cost-effective fashion, serious consideration should be given to the use of this test in the initial evaluation of all patients in which PWS or AS is being considered. Am. J. Med. Genet. 73:308-313, 1997.
INTRODUCTION
Regardless of the cause (deletion [Nicholls et al., 1989a; Robinson et al., 1991; Mascari et al., 1992] , uniparental disomy [Nicholls et al., 1989b; Robinson et al., 1991; Mascari et al., 1992] , and rare imprinting mutations [Nicholls, 1993; Reis et al., 1994; Sutcliffe et al., 1994; Buiting et al., 1995] ), patients with Prader-Willi syndrome (PWS) inherit only a maternally derived methylated allele in the promoter region of the SNRPN (small nuclear ribonucleoprotein polypeptide N) gene [Glenn et al., 1996] . More than 80% of patients with Angelman syndrome (AS) have a deletion [Knoll et al., 1989; Magenis et al., 1990; Williams et al., 1990; Zackowski et al., 1993] , uniparental disomy [Malcolm et al., 1991; Nicholls et al., 1992] , or an imprinting mutation. For all of these only a paternally derived unmethylated allele is present at the locus, regardless of the cause. Normal individuals have 1 unmethylated and 1 methylated allele [Glenn et al., 1996] . At present, digestion by methylation-sensitive restriction enzymes followed by Southern blotting with the the PW71B probe [Glenn et al., 1993; Gillessen-Kaesbach et al., 1995] or the SN-RPN probe [Glenn et al., 1996; Kubota et al., 1996] is employed for molecular diagnosis of PWS and AS.
In this study the methylation status of a CpG island in the putative promoter region of the SNRPN gene was evaluated by the methylation-specific polymerase chain reaction (MSPCR) [Herman et al., 1996] . MSPCR entails chemical modification of cytosine to uracil by sodium bisulfite, in which methylated cytosines in the CpG dinucleotides are resistant to the modification [Shapiro et al., 1973; Wang et al., 1980; Clark et al., 1994] , and subsequent PCR amplification with primer pairs specific for either the methylated or the unmethylated alleles. Using primer pairs specific for the methylated allele (MET) and the unmethylated allele (UN-MET), the methylation status of the SNRPN gene was studied in samples from patients with PWS and AS, and from normal unrelated individuals, and also from amniocytes, sperm, and various somatic tissues from a 17-week fetus. DNA from nonhuman primates was analyzed in order to test whether the priming sites for the oligonucleotide primers are evolutionarily conserved.
METHODS

Primer Design
From the published genomic sequence of the 5Ј flanking region of exon −1 of the SNRPN gene (formerly known as exon alpha) [Sutcliffe et al., 1994; Glenn et al., 1996] (GenBank accession number: L32702), DNA sequences of the methylated and the unmethylated alleles after bisulfite modification were deduced ( Fig. 1) : The sequence for modified unmethylated strand was determined by converting all cytosines to thymines. The sequence for the modified methylated strand was determined by converting all cytosines to thymines with the exception of those in the CpG dinucleotide. The sense strand and antisense strand of the genomic DNA are not complementary to each other after bisulfite modification. Two sets of primer pairs were designed so that they would amplify the modified sense strand and its complementary strand: one set specific for modified MET, and a second for modified UNMET. A third primer pair was developed for unmodified DNA (WT). Expected product sizes from WT, MET, and UN-MET primer pairs were 145, 131, and 164 base pairs, respectively (Table I) .
Subjects and Materials
This study was approved by the institutional review board of Children's Hospital-San Diego. PWS and Angelman syndrome (AS) patients in this study were evaluated at the University of California, San Diego and at Children's Hospital-San Diego. Clinical diagnosis was confirmed by a Southern blot analysis using probe PW71B at locus D15S63 [Dittrich et al., 1992] . In addition, cell line GM09133 (PWS deletion) was obtained from the NIGMS Human Genetic Mutant Cell Repository. DNA samples from 50 unrelated anonymous normal individuals were used as controls. These samples were coded by laboratory number and no patient names or identifiers were retained for use in this study. Coded DNA samples from normal individuals, PWS, and AS patients were analyzed in blind tests. The appropriate informed consent was obtained on clinical diagnostic tests of all patients with PWS and AS evaluated in this study. DNA samples of 50 normal unrelated individuals were derived from anonymous samples of persons presenting for clinical diagnostic or parentage testing in the molecular genetics laboratory at Children's Hospital-San Diego.
Human tissues including brain, heart, lung, kidney, adrenal gland, and skin were collected at autopsy from a 17-week structurally normal fetus. Sperm DNA was separated by a differential cell lysis procedure [Guisti et al., 1986] . Genomic DNA obtained from a western lowland gorilla (Gorilla g.g.), a ''common'' chimp (Pan troglodytes), and a ''pygmy'' chimp (Pan paniscus) were kindly provided by Dr. O.A. Ryder.
Sodium Bisulfite Modification
Genomic DNA was treated with sodium metabisulfite as described by Herman et al. [1996] , with minor changes suggested by Clark et al. [1994] , to ensure complete modification. In brief, genomic DNA (1 g) in a 50 l volume was denatured by NaOH (final concentration 0.3 M) for 15 min at 37°C. For DNA samples less than 500 ng, 1 g of salmon sperm DNA (Sigma) was added as carrier DNA prior to modification. Both 10 mM of hydroquinone (Sigma) and 2M sodium metabisulfite (Sigma) at pH 5.0 (pH adjusted with 10M NaOH) were freshly prepared. Thirty l of hydroquinone and 520 l of metabisulfite solution were added to the denatured samples which were then incubated under mineral oil at 55°C for 16-20 hours. Free bisulfite was removed by a desalting column (Wizard DNA Clean-up system; Promega) and purified DNA was eluted into 50 l of water. Modification was completed by NaOH (final concentration 0.3 M) treatment for 15 min at 37°C. Modified DNA was neutralized by 3M ammonium acetate, precipitated by ethanol, and resuspended in 20 l of water.
Polymerase Chain Reaction
The PCR amplification of the bisulfite modified DNA was performed in 50 l reaction mixtures containing 2 l of bisulfite-treated genomic DNA, 1 M dNTPs, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), and Taq DNA Polymerase (2.5 units; Boehringer Mannheim). During initial denaturation for 5 min at 94°C, 40 pmoles of reverse primer were added. Thereafter, one cycle of 94°C for 40 sec, 63°C for 1 min, and 72°C for 1 min was repeated 5 times. During the next denaturation step, 40 pmoles of forward primer were added to the reaction mixture. The cycle of 94°C for 40 sec, 63°C for 1 min, and 72°C for 1 min was then repeated for additional 30 cycles with a final elongation step of 3 min. We adopted this thermal cycling protocol to avoid excessive primer-dimer formation when the forward primer is added at the beginning of the reaction. This observation can be explained by the fact that the forward primer was designed to anneal to the complementary strand of the modified sense strand. This complementary strand does not exist until it is synthesized by the Taq polymerase using the modified sense strand and the reverse primer as substrates. When the forward primer is added after 5 cycles during which period target molecules for the forward primer are synthesized, no significant amount of primer-dimers will result. For the WT primer pair, PCR was simply accomplished by 30 cycles of 94°C for 40 sec, 63°C for 1 min, and 72°C for 1 min. PCR products (10 l) were separated on a 4% NuSieve GTG agarose gel (FMC BioProducts) in 1× TBE buffer, stained with ethidium bromide and directly visualized under UV illumination.
Genomic Sequencing
In order to validate the fact that WT, MET, and UN-MET primer pairs amplified the expected templates of unmodified, modified methylated, and modified unmethylated DNA, a subset of PCR products was directly sequenced with Sequenase version 2 (United States Biochemical) under conditions specified by the manufacturer with forward or reverse primers.
In Vitro Methylation Studies
Prior to modification by sodium bisulfite, a subset of DNA samples was pretreated with the CpG methylase M.Sss I which methylates all cytosine residues to 5-methyl cytosine within the double-stranded recognition sequence 5Ј..CpG.. 3Ј [Nur et al., 1985] . DNA was treated with M.Sss I (New England Biolabs) for 1 hour in a reaction buffer containing 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , and 1 mM dithiothreitol supplemented with 160 M S-adenosyl methionine at 37°C. After methylase treatment, DNA was subjected to bisulfite modification as described above.
RESULTS
The results of the MSPCR analysis on patients with PWS and AS as well as normal individuals are set forth in Table II . Further data are provided below and in the Fig. 2-4 . Unmodified DNA from whole blood of 50 unrelated normal individuals amplified with the WT primer pair but not with the MET or UNMET primer pairs (Fig. 2) . Bisulfite-modified DNA from those normal individuals amplified with both the MET and UN-MET primer pair but not with the WT primer pair. Sequencing of the PCR products demonstrated the following: The sequence of the WT primer product precisely matched the published sequence of the putative promoter region of the SNRPN gene; in the UNMET primer products from a normal individual, all the cytosines were converted to thymines; and in the MET primer product from a normal individual, all cytosines were converted to thymines with the exception of those in the CpG dinucleotide. Modified DNA from 10 patients with PWS amplified only with the MET primer pair while modified DNA from 5 AS patients amplified only with the UNMET primer pair (Fig. 3) . In the absence of the UNMET primer product, amplification with the MET primer served as control, ensuring that modification and subsequent polymerase chain reaction was normally completed. Similarly, when the MET primer pair did not amplify, amplification with the UNMET primer pair served as control. Furthermore, concurrent processing of a DNA sample from a normal individual served as a control in both cases.
Methylation status of the 5Ј end of the SNRPN gene was evaluated by MSPCR in kidney, lung, heart, liver, adrenal, brain, and skin cells from a 17-week human fetus as well as amniocytes from 3 mid-trimester amniocenteses. DNA from all the tissues evaluated amplified with the MET and UNMET primer pairs (data not shown). DNA extracted from sperm amplified with the UNMET primer pair but not with the MET primer pair (Fig. 4a) . In contrast, sperm DNA pretreated with methylase prior to bisulfite modification amplified with the MET primer pair but not with the UNMET primer pair.
Bisulfite-modified genomic DNA from a western lowland gorilla (Gorilla g.g), a ''common'' chimp (Pan troglodytes) and a ''pygmy'' chimp (Pan paniscus) amplified with both the MET primer pair and the UNMET primer pair (Fig. 4b) .
Finally, sensitivity of MSPCR for detecting the methylated/ unmethylated alleles of the SNRPN gene was tested using serial dilution of genomic DNA. A range of genomic DNA concentrations (6 ng-400 ng) spiked with 1 g of salmon sperm DNA as carrier was treated with bisulfite. PCR products of expected size were successfully amplified from as little as a 1 ⁄10 aliquot of the bisulfite-modified DNA obtained from 50 ng of genomic DNA (data not shown).
DISCUSSION
In the present study we have shown that MSPCR can be used to document the methylation status of the putative promoter region of the SNRPN gene. In testing patients with PWS, the assay herein presented has a specificity of 100% (50/50) and a sensitivity of 100% (10/10). In evaluating patients with AS, the specificity was 100% (50/50) and the sensitivity was 100% (5/5). We have not observed any false positive results for either PWS or AS in the 50 normal control samples. With respect to a false negative result, none have been observed in the 10 patients with PWS or the 5 patients with AS. In addition, studies on human sperm DNA demonstrated the high degree of specificity of MSPCR assay at the promoter region of the SNRPN gene. Human sperm DNA (paternal) amplified only with the UNMET primer pair as expected from a previous study which showed that human sperm is unmethylated [Glenn et al., 1996] . Furthermore, CpG methylasetreated sperm DNA amplified only with the MET primer pair, reflecting an in vitro change in methylation status. In that MSPCR can detect all presently testable causes of PWS and AS in a rapid and costeffective fashion, serious consideration should be given to the use of this analysis in the initial evaluation of all patients in which PWS or AS is being considered.
A false positive result for PWS or AS could occur if there was a sequence polymorphism in the base which is to be annealed to by the 3Ј end of either forward or reverse primer of the UNMET pair in the case of PWS and or the MET pair in the case of AS. In PWS the test result could be falsely interpreted as negative if a sequence polymorphism (especially cytosine to thymine conversion) was present in the bases which are to be annealed by the 3Ј end of both forward and reverse primers of the UNMET pair. However, such base changes at two separate locations would be extremely rare. In AS, the test result could be falsely interpreted as negative if a large amount of partially modified UN-MET strands, which contain cytosines in a random fashion, coincidentally matches with the completely modified methylated allele and permits amplification with the MET primer pair. However, the observation that none of the incompletely modified AS-patient DNA subjected to successively shorter bisulfite treatment (1h, 3.5h, 7h, 10h, and 13h) amplified with MET primer pair (data not shown) indicates that such concern is of a theoretical nature only.
The validity of this assay is based on the following two assumptions: 1) There is little if any sequence polymorphism in the oligonucleotide priming sites. Data from this study support that assumption. Both the MET and UNMET primer pairs amplified products of expected size in 50 normal unrelated individuals. In addition, bisulfite-modified genomic DNA from a western lowland gorilla, a ''common'' chimp, and a ''pygmy'' chimp amplified with both the MET and UNMET primer pairs indicating that those target sequences of the primer sets are highly conserved evolutionarily. Thus, it is unlikely that there is significant sequence polymorphism in the region homologous to the primer pairs among humans. It is also important to note that the conventional assay using methylation-sensitive restriction enzymes is also prone to sequence polymorphism in that any base substitution in the recognition sequence of the enzymes will lead to nondigestion and therefore would lead to an anomalous test result. 2) All CpG dinucleotides in the target sequences of the primer pairs are methylated in the maternally derived chromosome. This was predicted from a previous study based on a methylation study using multiple methylation-sensitive enzymes [Glenn et al., 1996] which showed that 4 out of 7 CpG dinucleotides between position −55 and +16 of the SNRPN gene are methylated. Genomic sequencing performed in this study showed that the remaining 3 CpG dinucleotides are also methylated.
The MSPCR assay used in this study to document the methylation status of the putative promoter region of the SNRPN gene is comparable to the amplificationrefractory mutation system (ARMS) which has been successfully used for detection of point mutations and small deletions in such disorders as cystic fibrosis [Newton et al., 1989; Ferrie et al., 1992; Miedzybrodzka et al., 1994] and adenomatous polyposis coli [Cama et al., 1995] . Both assays are based on the observation that oligonucleotides complementary to a given DNA sequence except for a mismatch at the 3Ј terminus will not amplify. MSPCR is more stringent than ARMS in discriminating alleles in that mismatches are incorporated not only at the 3Ј terminus but also at other bases close to the 3Ј end, and mismatches are incorporated at the 3Ј end of both the forward and the reverse primers. Thus it is expected that MSPCR will be at least as reliable as ARMS.
The method herein presented has the following significant advantages over conventional analysis using methylation-sensitive enzymes and Southern blotting: (1) MSPCR can be completed in 2 days. Rapid turnaround of the test result will be especially useful when evaluating hypotonic newborn infants among whom the incidence of PWS is high [Gillessen-Kaesbach et al., 1995] ; (2) Testing can be performed with as little as 50 ng of genomic DNA. Thus, in addition to whole blood, Fig. 4 . Methylation analysis of the promoter region of SNRPN using MSPCR. PCR product from a modified DNA with the MET primer pair and that with the unmethylated allele-specific primer pair (UNMET) were combined and were electrophoresed on a 4% agarose gel. The MET primer pair amplified the smaller product (131 bp) while the UNMET primer pair amplified the larger product (164 bp). a: Methylation analysis of SNRPN in sperm DNA before and after methylase treatment. Whole blood from a normal individual (lane 1) had one methylated allele and one unmethylated allele while the sperm (lane 2) had only the unmethylated allele. When genomic DNA from sperm was treated with CpG methylase prior to bisulfite modification, apparently only the ''methylated'' allele was present (lane 3). b: Methylation analysis of SNRPN in primates. Modified DNA from a ''common'' chimp (lane 2), a ''pygmy'' chimp (lane 3) and a gorilla (lane 4) as well as human (lane 1) all amplified with both the MET primer pair and the UNMET primer pair. Fig. 3 . Diagnosis of PWS/AS using MSPCR. PCR product from a modified DNA using the MET and the UNMET primer pairs were mixed and electrophoresed in the same lane of a 4% agarose gel. The MET primer pair amplified the smaller product (131 bp) while the UNMET primer pair amplified the larger product (164 bp). Note that normal individuals (lanes 1 and 2) had both alleles. Patients with PWS (lanes 3 and 4) had only the methylated allele while those with AS (lanes 5 and 6) had only the unmethylated allele.
other potential sources of genomic DNA for analysis include dried blood spots and buccal cell smears; (3) MSPCR does not require use of radioactivity. Therefore, any laboratory with the ability to perform PCR will be able to complete this assay.
Finally, in addition to its clinical application, MSPCR could be utilized for basic research in developmental biology. In that MSPCR requires a very small amount of tissue, methylation status of the SNRPN gene could be delineated in very young embryos and cells undergoing gametogenesis. Such studies will be helpful in correlating methylation with parent-oforigin-specific expression which has recently been delineated using RT-PCR [Barr et al., 1995] and single nucleotide primer extension (SNuPE) assay Mann, 1994, 1995] .
